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Abstract—Different experimental and simulation techniques
aiming at a better understanding of lateral mode absorption
in light-emitting diodes (LEDs) are presented in this paper. A
measurement of transmitted power versus propagation distance
allows us to derive the absorption losses of LED layer structures at
their emission wavelength. Two models for the observed intensity
distribution are presented: one is based on scattering, whereas the
other relies on selective absorption. Both models were applied to
InGaN-on-sapphire-based LED structures. Material absorption
losses of 7 cm 1 for the scattering model and 4 cm 1 for the ab-
sorbing-layer model were obtained. Furthermore, these values are
independent of the emission wavelength of the layer structure in
the 403–433-nm range. The losses are most likely caused by a thin
highly absorbing layer at the interface to the substrate. In a second
step, interference of the modal field profile with the absorbing
layer can be used to determine its thickness ( = 75 nm) and its
absorption coefficient ( 3900 cm 1). This method has also
been tested and applied on AlGaInP-based layer structures emit-
ting at 650 nm. In this case, the intensity decay of = 30 cm 1
includes a contribution from the absorbing substrate.
Index Terms—Absorption, AlGaInP, buffer absorption, buffer
scattering, InGaN, light-emitting diodes (LEDs), nucleation.
I. INTRODUCTION
THE HIGH PERFORMANCE of state-of-the-art light-emitting diodes (LEDs) has opened a whole range of new
applications such as traffic signals, automotive rear lights, and
large-area full-color outdoor displays. Besides improvement of
epitaxial methods and device processing, the problem of light
extraction became a further important field of research. The
occurrence of total internal reflection and absorption causes a
significant fraction of light to remain trapped in the semicon-
ductor and become lost. In order to overcome the problem of
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total internal reflection, different strategies leading to novel
chip designs were proposed.
In resonant-cavity (RC) LEDs, the internal radiation pattern
is changed by coupling to a resonator. An improvement of light
extraction is achieved by increasing the fraction of light propa-
gating perpendicular to the surface. Further improvement could
be obtained by outcoupling of remaining guided modes using
photonic crystals [1]. Scattering at the semiconductor surface
is aimed in surface-textured thin-film LEDs [2]. The extraction
enhancement is achieved by scattering of the internally reflected
light at the textured surface. These scattering processes change
the propagation angle of nonescaping photons. Together with a
highly reflective mirrorlike bottom surface, multiple scattering
events are possible, and extraction gets more likely every time
the surface is hit.
Besides modification of the spontaneous emission behavior
and statistical light extraction approaches, a change in chip ge-
ometry is another promising strategy. The most efficient one
regarding extraction is the use of truncated inverted pyramids
(TIPs) [3], [4]. It uses a structured thick window layer that serves
as reflector. Most of the light is extracted through the top sur-
face, whereas the reflected part escapes through the sidewalls.
Yet another chip design is implemented in the tapered LED. The
light is generated in the center of a circularly symmetric device
and is guided to a tapered region. Within the latter, the angle of
incidence is reduced at every reflection until extraction of the
guided modes takes place.
Losses can significantly reduce the device efficiency, there-
fore they have a major impact on the success of an extraction
approach. For optimization, the different loss mechanisms have
to be identified and quantified. Thus, the scope of this paper is
to address light scattering, absorption, and its distribution.
II. MEASUREMENT METHOD
As opposed to established measurement methods, we employ
a fully integrated optical waveguide experiment that is fabri-
cated using standard processing techniques (see Fig. 1). For the
determination of absorption losses, intensity versus propaga-
tion distance in the material is measured. This is achieved by
an arrangement of an electrically passive waveguide (100- m
width) and two electrically active rectangular LED structures
m in a unit. The aim of the two rectangular LEDs
Published in Journal of Lightwave Technology 22, issue 10, 2323-2332, 2004
which should be used for any reference to this work
1
Fig. 1. Arrangement of emitting LED, waveguide, and detector LED used for
PMM.
is to serve as an excitation source and as a detector, respectively.
The active LED structures are located at the front and back end
of the waveguide region. Electrical isolation between active and
passive sections is accomplished by etching 2- m-deep grooves
across the waveguide. The LED structure for excitation is driven
at forward current, whereas at the detecting structure, a neg-
ative bias is applied, and the photocurrent is measured. Thus,
the method is named the photocurrent measurement method
(PMM). To obtain an intensity distribution as a function of dis-
tance, different units having waveguide lengths between 200 and
3000 m are necessary. Each unit provides one data point for a
specific distance as explained subsequently. The mesa formation
is accomplished by a dry-etching process. Thus, steep sidewalls
down to the substrate enable a lateral guiding by the semicon-
ductor–air interface over the whole epitaxial stack.
For each unit, the same current is applied to the emitting LED
structure, and the photocurrent is measured at the dedicated de-
tecting LED structure. One advantage of an integrated optical
experiment is the self-alignment of emitter, waveguide, and de-
tector by the mask design. This provides the same coupling co-
efficients from emitter to waveguide as well as from waveguide
to the detector for each unit. The relatively large groove of 4 m
width between the emitter, waveguide, and detector will intro-
duce large coupling losses. However, because of the much larger
lateral dimension, enough light remains in the system to obtain
a sufficient photocurrent.
Thus, the intensity distribution in an undisturbed waveguide
can be determined. Furthermore, a sufficiently homogeneous
epitaxy regarding the emission wavelength and the output power
of the emitters is assumed. Since the structure is used for detec-
tion, a spectrally resolved behavior cannot be obtained. In ad-
dition, a spectral weighting due to the sensitivity of the LED
detector possibly has to be accepted. Since coupling of sponta-
neous emitted light into a single-mode waveguide is inefficient,
a multimode waveguide has to be used for this kind of experi-
ment, and therefore, waveguide dispersion is considered for the
evaluation of the intensity distribution (see Section IV-A).
The wave guiding in the vertical direction depends on the
investigated material system and the layer structure itself. Re-
garding group III nitrides grown on sapphire, total internal re-
flection at the GaN–air interface and the GaN–sapphire inter-
face occur for modes with effective index between the refractive
Fig. 2. Measured photocurrent in dependence of distance for a typical set of
InGaN waveguides. Inset depicts I–V curve of a detector LED with and without
photocurrent.
index of GaN and the refractive index of the substrate. For Al-
GaInP-based devices grown on GaAs, no total internal reflection
exists at the substrate–epi interface. However, the large extinc-
tion coefficient causes an exponential intensity decay, which can
be regarded as a weak node for the electric and magnetic field.
Thus, a contribution of the substrate absorption to the overall
lateral intensity decay is given.
III. EXPERIMENTAL
The measurements are done using a HP4145 semiconductor
parameter analyzer. I–V curves of the detector LED structures
are shown in the inset of Fig. 2 with and without illumination for
InGaN-on-sapphire structures. First, we discuss the dark current
I–V curves of the detector structures without illumination. To-
ward large negative voltages, the current arises. This behavior
can be modeled by a resistor in parallel to an ideal p–n-junc-
tion. Since we have observed a clear dependence on the length
of the mesa edge from the analysis of different geometries (not
shown), we assume that etching-induced defects are the origin
of this anomal current increase. Between 5 and 1.7 V, the cur-
rent wiggles because of the noise limit of the semiconductor pa-
rameter analyzer.
Applying an emitter forward current of 10 mA causes a sig-
nificant increase in the detector current. The induced photocur-
rent acts as a current source in the detecting LED structure and
a self-biasing occurs. Thus, a virtual increase in forward voltage
is observed. To get rid of the parasitic leakage current and
the noise current, a subtraction of both curves is performed.
Thus, Fig. 2 depicts the absolute value of the net photocurrent.
However, for low currents and large reverse biases, an influ-
ence of leakage current remains. Furthermore, the photocur-
rent is a function of voltage, since a band alignment due to the
quantum-confined Stark effect occurs. Around , however,
the I–V curves are alike for different excitations, and the pho-
tocurrent is free of parasitic effects.
We investigated three InGaN-on-sapphire samples (S1–S3).
They have been grown using the same growth parameters with
respect to the nucleation, recrystallization, and the further
2
TABLE I
LAYER STRUCTURE USED FOR THE CALCULATION OF MODAL ABSORPTION
COEFFICIENTS FOR A HOMOGENOUS LAYER ABSORPTION DISTRIBUTION
(SEE FIG. 1). THE REFRACTIVE INDEX WAS TAKEN FROM
LITERATURE [8] FOR A WAVELENGTH OF  = 400 nm
TABLE II
LAYER STRUCTURE USED FOR THE CALCULATION OF MODAL
ABSORPTION COEFFICIENTS IF A BOTTOM-LAYER ABSORPTION
IS ASSUMED (SEE FIG. 1). d DENOTES THE THICKNESS OF
THE ABSORBING LAYER, AND d + d = 1500
growth. Only the quantum-well thickness has been adjusted.
The layer structure is as follows (see Tables I and II). On a
sapphire substrate with a thickness of about 300 m, a nucle-
ation layer of about 30 nm is employed and an approximately
1.5- m buffer layer is grown. During the growth, Si doping
has been applied cm . The next layers form
a multiple-quantum-well (MQW) structure with five compres-
sively strained well/barrier pairs followed by an approximately
10-nm-thick AlGaN barrier containing approximately 30% alu-
minum. The final top layer is Mg-doped GaN with a thickness
of 250 nm cm . The emission wavelength
was adjusted by the thickness of the wells; thus, a shift of the
ground level of the quantum wells was preferred over a varia-
tion of their indium content. The three samples exhibit emission
wavelengths of 404, 431, and 433 nm and show output powers
larger than 1 mW at a current of 20 mA for on-wafer devices.
The obtained intensity versus distance behavior is depicted in
Fig. 3. The dependence is clearly nonexponential, and despite
different emission wavelengths, the samples exhibit nearly the
same distance dependence. As reported previously, the intensity
distribution is not affected by the common rough backsurface
of the sapphire substrate [5]. Due to the quantum-confined
Stark effect, the absorption edge of the wells is detuned toward
higher energies with respect to the emission photon energy
[5]. Thus, absorption properties of bulk GaN are governing
the absorption properties at the emission wavelength. The
intensity distribution is caused by a complex interplay between
waveguide dispersion, scattering, and material absorption and
will be discussed subsequently.
A similar intensity distribution can be observed on AlGaInP-
based LED structures. We will briefly outline the layer structure
of an AlGaInP-based sample, show the experimental intensity
distribution, and discuss the results.
Fig. 3. Photocurrent versus distance for the three InGaN-LED structures with
emission 404, 431, and 433 nm.
Fig. 4. Sample K1: Intensity distribution for AlGaInP-based LED structures
with an emission wavelength of  = 650 nm. Data is fit by an exponential law
above 900 m,  = 30 cm . The inset depicts the net photocurrent.
The active region consists of three compressively strained
InGaP/AlGaInP quantum wells, which are sandwiched between
two InAlP confinement layers. On the n-side of the p–n-junc-
tion, a 3.1- m Al Ga As follows, whereas on the p-side, a
420-nm-thick Al Ga As layer is grown. The inset of Fig. 4
shows the photocurrent versus bias for the sample K1 emitting
at 650 nm. A current of 5 mA was applied to the emitting struc-
ture. In contrast to the nitride samples, no voltage dependence is
obtained. A similar evaluation of the IV curves yields the inten-
sity distribution, which is depicted in Fig. 4. Apart from the first
900 m, the intensity decay is exponential. A linear fit leads to
an intensity decay of 30 cm . This value is larger than
typical values of AlGaInP-based laser diodes [6], [7]. We show
below that the observed intensity distribution is a result of the
contribution from the absorbing GaAs substrate.
IV. THEORETICAL CONSIDERATIONS
A. Waveguide Dispersion
To get insight into the interaction of waveguide dispersion,
scattering, and material absorption, we performed some theoret-
ical modeling. At first, an analytical model is presented that is
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Fig. 5. Calculated intensity decay in a single-layer film on a substrate layer
assuming no scattering ( = 20 cm , refractive index of film n = 2:5, and
substrate n = 1:75). The width of the film a is 100 m, and the height h is
2.5 m. The waveguide dispersion increases the observed absorption; thus, a
linear fit yields  = 27 cm . For small distances, the data is enlarged in the
inset.
used to study the consequences of waveguide dispersion on the
intensity distribution. Since the complex layer structure of LEDs
impedes a practical description, a simplified two-layer model
consisting of a waveguide on top of a substrate is investigated.
If no scattering is present, the intensity distribution can be cal-
culated by an analytical ray-based transfer function
between emitter and detector. An isotropic emission of a point
source and also an isotropic absorption behavior of the detector
LED structure is assumed. Moreover, the physical size of the
source has to be small compared with the propagation length.
In this case, the calculation of subsequent incidence angles suc-
ceeds since all interfaces are perpendicular to each other. Thus,
it is possible to describe the whole propagation process in terms
of the initial ray direction and . Choosing the axis as lateral
direction and the axis as propagation direction, the transfer
function is (see Appendix I)
(1)
and denote the reflection coefficients at the
waveguide–air and waveguide–substrate interface, respectively,
and is the waveguide–air reflection coefficient in the
lateral direction. It differs in its incident angle from . The
geometry is accounted for by the waveguide width and the
height . The numbers of reflections in the and direction
are and , respectively. denotes the material absorption.
The waveguide dispersion effect enlarges the propagation dis-
tance, which is accounted by the exponential term in (1). There-
fore, the observed intensity decay is larger than calculated by
a pure exponential law and the associated waveguide length.
Initially, no polarization is assumed; thus, 50% of the power
is transverse electric (TE) and transverse magnetic (TM) polar-
ized. The TE-polarized light with respect to the upper and lower
Fig. 6. Simulated intensity behavior with scattering using a Gaussian
scattering distribution function. The width parameter  has only little influence
on the results ( = 7 cm ).
interface is TMlike on the sidewalls, and vice versa. Each initial
polarization is considered separately for the whole propagation.
The photocurrent of the detector LED is obtained by integration
of with respect to and for each initial polarization
and added up.
In a first example, we calculated the intensity distribution
function for a nitride-based sample, which is illustrated in Fig. 5.
Within the first 40 m, losses from leaky modes dominate the
intensity decay. Afterwards, the behavior is almost exponen-
tial. As expected, the observed intensity decay is larger than
the material absorption caused by waveguide dispersion, which
is accounted for by in the exponential term in (1).
However, after a short distance, the decay is almost exponen-
tial, and there the waveguide dispersion alone cannot explain
the measured intensity distribution. Thus, further effects have
to be taken into account.
B. Light Propagation in the Presence of a Dominating
Scattering Effect
Nitride-based LEDs typically exhibit a large defect density in
the buffer layer. Therefore, one possibility for the observed devi-
ations might be scattering at the almost amorphous crystal struc-
ture at the interface between substrate and GaN layer. The pres-
ence of scattering yields additional optical losses in the wave-
guide since part of the light will be extracted. To study surface
scattering, a ray tracer is employed. It calculates the complete
trajectory for each ray and allows a summation of power at dif-
ferent distances to the emitter. Scattering is described by a sta-
tistical change in the propagation direction (see Appendix II).
The scattered direction is calculated by a Gaussian distribu-
tion function with width centered about the specular ray for
each reflection. A small causes a narrow scattering distribu-
tion and an almost undisturbed propagation. For the simulation,
the same geometry and refractive indexes as those used for the
undisturbed waveguide are taken. In Fig. 6, the obtained inten-
sity distribution is depicted. The presence of scattering causes
a bending of the intensity distribution curve with increasing .
If is chosen between 0.4 and 2.0, the intensity behavior gets
more and more independent from the absolute value of .
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Fig. 7. Simulated intensity distribution for different absorption coefficients
( = 0:8).
In contrast, a strong dependence on the absorption coefficient
remains (Fig. 7).
Surface scattering losses combined with the waveguide
dispersion effect lead to mode-dependent absorption losses. A
mode with a high effective index propagates in a nearly straight
way through the waveguide without significant interaction
with the surface. Modes with small effective indexes, on the
other hand, will experience more surface reflections, leading
to increased scattering losses. Thus, the modal losses depend
strongly on the effective index. This dependence leads to the
measured nonexponential intensity distributions. However,
modal-dependent losses can also be the result of an inhomoge-
neous absorption distribution.
C. Light Propagation in the Presence of
Inhomogeneous Absorption
The poor material quality at the substrate–GaN interface can
lead to a significant band tail. Thus, we believe that the interface
and part of the buffer layer can be regarded as a highly absorbing
layer, and therefore, an inhomogeneous absorption distribution
may be present. In this case, however, the dominant loss mech-
anism is absorption, not scattering.
For this model, we assume that no scattering is present in the
structure. The solution of the electric field of the Helmholtz
equation is then independent of the propagation direction and
can be calculated based on the transfer matrix approach. A plane
wave
(2)
with complex and is a solution of the Helmholtz equation
(3)
The application of the boundary conditions leads to a finite
number of modes with a complex effective refractive index
(4)
Fig. 8. Dependence of the modal absorption on the effective index of a
homogeneous absorption distribution for the layer structure of Table I. It is
found that the modal absorption normalized to the layer absorption  for
a given effective index does not depend on the layer absorption  itself,
which was varied in the range of 1–100 cm . Thus, the modal absorption is
proportional to the absorption  for each n .
denotes the vacuum wave vector. The imaginary part of the
effective index contains the extinction from which the modal
absorption is calculated.
In the following, we compare homogeneous and inhomoge-
neous absorption according to Tables I and II (see Fig. 1 for ex-
planation of the abbreviations). We focus on the nitride samples
containing a highly absorbing layer at the substrate–GaN-layer
interface. The remaining layers of the structure are of high mate-
rial quality and will thus show low absorption. For the AlGaInP-
based samples, the highly absorbing GaAs substrate causes a
similar effect at 650 nm.
For homogeneous absorption, one expects to observe the bare
waveguide dispersion effect. The increase in path length should
therefore depend only on the effective index and not on the value
of the material absorption . This behavior is found for ab-
sorption coefficients of 1 cm , 10 cm , and 100 cm .
Thus, a plot of results in the same curve (Fig. 8).
The situation is different for inhomogeneous absorption. In
the following example, we assume an absorbing bottom layer
with an absorption coefficient of 3000 cm and a thick-
ness 300 nm in order to study the effect (see Fig. 9).
The sinusoidal behavior of the absorption coefficient versus the
refractive index is caused by the overlap of the mode profile
with the absorbing layer. Moreover, for large refractive indexes,
a sudden drop of the modal absorption is observed. For those
modes, the penetration depth into the absorbing layer is weak.
The range of the obtainable modal absorption coefficients are
much larger than for a homogeneous absorbing structure. It is
shown subsequently that the intensity distribution obtained by
PMM can only be described if such a large spreading in the
modal absorption is present.
For the further application of the model, it is necessary to
estimate suitable modal absorption coefficients to describe the
intensity distribution. The asymptotic behavior of the intensity
decay depicted in Fig. 3 can be used to determine the order of
magnitude of the modal absorption.
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Fig. 9. Dependence of the modal absorption on the effective index of an
inhomogeneous absorption distribution (layer structure of Table II). The
sinusoidal behavior is due to the overlap of the mode profile with the absorbing
layer. The linear dependence on the right-hand side can be explained by
different penetration depths into the absorbing layer.
Fig. 10. Transmission curves for GaN on double-sided polished sapphire
(samples T1–T3). As can be seen, the thickness does not influence the
envelopes, and a significant difference in the region 2–3 eV to the sapphire
transmission is observable.
Furthermore, the amount of absorbed power must be known.
This cannot be calculated from the lateral measurement data;
thus, an additional measurement by a different method is re-
quired. For this purpose, another series of samples has been
investigated using both the transmission method and the pho-
tothermal deflection spectroscopy (PDS) [9]. Three samples T1,
T2, and T3 have been investigated which consist only of a single
GaN layer with different film thicknesses ranging from 0.62 to
2.53 m grown on double-sided polished sapphire substrates.
The obtained transmission curves are depicted in Fig. 10. For
layers without absorption, the transmission should achieve the
value of sapphire whenever the optical thickness of GaN is a
multiple of . As can be seen in the range between 2.0 and
3.3 eV, the envelope transmission is noticeably reduced inde-
pendently of the thickness. Thus, we conclude that the reduc-
tion is not caused by a bulk absorption but by a thin highly
absorbing part of the layer. By numerical simulation of the trans-
mission [9], only an amount of absorbed power (absorbance
Fig. 11. Modal absorption coefficients versus bottom-layer thickness for
d = 0:030, p = 0:9, and the layer structure of Table II. As can bee seen, the
modal absorption spreads with decreasing bottom-layer thickness. (The inset
depicts magnified curves with same units.)
value) can be determined since neither the trans-
mission measurement nor the PDS can be used to determine the
absorbing-layer thickness. denotes the absorption, and the
thickness of the absorbing layer.
In order to eliminate this ambiguity, we investigated which
modes were necessary to describe the measured intensity distri-
bution. Modes with a large absorption coefficient decay quickly
and no longer show up in the observed range. Thus, only modes
with slopes lying between the two tangents shown in Fig. 3
are of interest. The limiting absorption coefficients are
10.5 cm and 80.5 cm . The product can be dis-
tributed into the bottom layer and a remaining GaN layer
according to
(5)
Besides the thickness degree of freedom, the relative composi-
tion of absorption can be changed. One possibility is
(6)
with . denotes the relative absorbed power for
normal incidence on the sample, which is the fraction of power
absorbed in the bottom layer for the transmission measurement.
Due to the overlap of the modal-field profile with the two layers,
the values of and are important for the intensity decay of
the PMM. Both parameters and of the buffer layer have
been varied for . In Fig. 11, the modal absorption
coefficient versus buffer thickness is shown for a representative
subset of modes. The absorbance distribution factor was set to
. To get low absorption coefficients of about , it is
obviously necessary to have a thin absorbing bottom layer. The
dependence of is shown in Fig. 12 for the first six modes. As
can be seen, the modal absorption coefficient drops below
for a thickness of 130 nm. This can be regarded as
the maximum layer thickness since has been the minimal
observed absorption of the lateral intensity decay. Finally, the
intensity distribution can be described by
(7)
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Fig. 12. Influence of the fraction of absorbed power p in the bottom layer on
the first three TE and TM modes for the structure of Table II. Limits for the
absorption coefficients are taken from Fig. 3. From , the maximal thickness
of the absorbing layer d can be estimated to be 130 nm.
where denotes the modal excitation factor for the mode ,
and the corresponding modal absorption coefficient. is the
propagation distance. The theoretical modeling of the modal ex-
citation factors is subject to further investigations; in this paper,
we used them only as fitting parameters.
V. RESULTS
A. InGaN-on-Sapphire-Based LED Structures
The two simulation models were utilized to fit the measure-
ment data. The simulation model is fitted at the experimental
measurement data according to (7) using the Levenberg–Mar-
quardt algorithm. During the fit, the eigenmodes of the layer
structure and thus the modal absorption coefficients have been
calculated. Thus, besides the modal excitation factors , the im-
portant parameters and were the only fitting parameters.
We observed a weak dependence on the modal excitation fac-
tors, but the fit was strongly influenced by the parameters and
. This behavior results in a small error in and and can
be explained by an overlap effect of the mode profile with the
absorbing layer. We obtained 75 nm and . Using
(5) and (6), the bottom-layer absorption 3900 cm and
the absorption of the remaining LED structure 4 cm
can be calculated.
When starting with the scattering model, the simula-
tion curves fit the data best for an absorption coefficient of
7 cm and a scattering parameter . While
the scattering model describes the data fairly well (see inset
of Fig. 13), a perfect agreement even in logarithmic scale
and across three orders of magnitude is achieved for the ab-
sorbing-layer model (Fig. 13). Both models however, predict
similar values for the absorption coefficient. Although either of
them allows a correct extraction of the absorption coefficient
from the measured intensity distribution, it should be empha-
sized that photothermal deflection spectroscopy measurements
Fig. 13. Fit of the intensity distribution for InGaN-LED structures for
both the scattering model and the absorbing-layer model. As can be seen,
the absorbing-layer model fits much better to the experimental data. For
comparison, the inset depicts the same data similar to Fig. 3.
Fig. 14. Fit of the intensity distribution for AlGaInP-based LED structures
based on the absorbing substrate model.
[9] clearly lead to the conclusion that the physical origin for the
nonexponential decay is absorption and not scattering.
B. AlGaInP-Based LED Structures
For AlGaInP-based devices, the confinement of the optical
waves is based on an absorbing substrate. This is very different
from a dielectric waveguide; and therefore, the scattering model
is not applicable. In contrast, the absorbing-layer model should
by definition describe the experimental facts very well. In
Fig. 14, a similar least-square fit, as in Fig. 13, is presented. As
can be seen, the data is very well represented by the simulation
curve. However, since the guidance is based on absorbance,
no comparable interference effect exists. For a highly ab-
sorbing cladding layer, the modal absorption coefficients in
AlGaInP-based devices increase continuously with decreasing
effective index. Therefore, many more modes may contribute
to the intensity distribution than for InGaN-based samples. No
value for the material absorption coefficient can be calculated
from the experimental data without further modeling of the
mode excitation.
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Fig. 15. Calculation of waveguide dispersion: A ray (solid dark line)
propagating with azimuthal angle  and polar angle  in the waveguide is
successively mirrored. An undisturbed ray propagation is obtained (prolonged
dashed line). The effective propagation distance is y(sin sin ) .
VI. CONCLUSION
The lateral intensity distribution in InGaN-on-sapphire-based
LEDs and AlGaInP-based LEDs has been investigated. The
nitride-based samples exhibit a nonexponential intensity decay
that is nearly independent of the emission wavelength of the in-
vestigated samples (404–433 nm). Likewise, the 650-nm-emit-
ting AlGaInP sample shows a region where the behavior is
strictly exponential. However, a similar nonexponential in-
tensity decay is observed for short distances. Furthermore,
a theoretical model is presented and the effect of waveguide
dispersion and emission from leaky modes is studied. It is
found that the emission from leaky modes is not the dominating
factor for the observed intensity distribution. Especially for
short propagation lengths, the dispersion effect leads to a curve
of intensity versus distance, which decreases considerably
faster than what is expected from Lambert–Beers law and the
normal material absorption. Ray-tracing simulations reveal
that scattering causes a nonexponential intensity decrease.
However, in the presence of significant absorption, it is still
possible to derive the absorption coefficient of laterally guided
modes. Moreover, the nonexponential intensity distributions
can only be obtained if modal-dependent absorption losses
are present. For this reason, an absorption model is developed
that introduces modal-dependent absorption losses based on
the overlap of the mode profile with a highly absorbing layer
close to the substrate and allows a much better representation
of the experimental data. Surface scattering and the absorbing
layer have a similar influence on the intensity distribution
of propagating light. While the scattering model leads to an
absorption coefficient of 7 cm for the high-quality GaN
layer, the absorption model leads to 4 cm . The modal losses
in the scattering model is described by the scattering parameter
. For the absorbing-layer model, the losses are caused
by a thin absorbing layer with a thickness of 75 nm and
an absorption coefficient 3900 cm . The thickness is
larger than the nucleation layer thickness of 40 nm. However,
since part of the reduction of dislocation takes place in the
beginning of the buffer layer, the larger thickness is reasonable.
By photothermal deflection spectroscopy [9], one can clearly
identify the detrimental effects of such a highly absorbing layer,
which is most likely the reason for the nonexponential intensity
decay.
The presented techniques allow the optimization of LEDs
by identification of the dominant loss mechanism. The small
thickness of the highly absorbing layer indicates a poor mate-
rial quality of the nucleation layer and the lowest part of the
GaN-buffer layer. Due to the large amount of absorption, this
layer becomes one of the major optical loss mechanisms of
InGaN-LEDs grown on sapphire. Since a reduction of the ab-
sorption coefficient increases the output power exponentially, a
marked improvement of efficiency and output power should be
achievable. This can be done by a removal of both substrate and
absorbing layer.
APPENDIX I
If no scattering is present, the intensity distribution can be an-
alytically calculated. The fraction of detectable power to emitted
power is described by the transfer function that is deduced in the
following. The axis is chosen in the lateral direction, and it is
assumed that the axis is the propagation direction, as shown
schematically in Fig. 15. At first, waveguide dispersion is con-
sidered. As depicted, the propagation path within the waveguide
can be folded out of the waveguide into a straight propagation.
The increase in propagation path is obtained by
The number of intersections in the direction is calculated
by modulo of the propagation distance in direction and the
height
For the lateral direction, is
with width . Furthermore, the effective reflection coefficient
for the whole propagation is
where denotes the reflectivity at the waveguide–air interface
in direction, the reflectivity at the waveguide–substrate in-
terface, and the reflectivity at the waveguide–air interface in
direction. The square of is the intensity reflection coeffi-
cient .
Thus, the transfer function for one polarization is
The photocurrent is obtained by numerical integration with re-
spect to and , for both, initially, TE-like and TM-like modes.
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APPENDIX II
If scattering is taken into account, a ray tracer is applied. For
the simulation, a statistical description of surface scattering is
used; the direction of the specular reflection is modified by a
Gaussian distribution function. For that purpose, the direction
cosines and of the specular ray are cal-
culated. The angle lies in between the axis ( axis) and
the specular ray direction of a local coordinate system. The scat-
tering distribution function then modifies these values according
to
where
is the standard deviation of the rotationally symmetric
Gaussian scattering distribution.
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